An excess of nonsynonymous substitutions over synonymous ones is an important indicator of positive selection at the molecular level. A lineage that underwent Darwinian selection may have a nonsynonymous/synonymous rate ratio (d N /d S ) that is different from those of other lineages or greater than one. In this paper, several codon-based likelihood models that allow for variable d N /d S ratios among lineages were developed. They were then used to construct likelihood ratio tests to examine whether the d N /d S ratio is variable among evolutionary lineages, whether the ratio for a few lineages of interest is different from the background ratio for other lineages in the phylogeny, and whether the d N /d S ratio for the lineages of interest is greater than one. The tests were applied to the lysozyme genes of 24 primate species. The d N /d S ratios were found to differ significantly among lineages, indicating that the evolution of primate lysozymes is episodic, which is incompatible with the neutral theory. Maximum-likelihood estimates of parameters suggested that about nine nonsynonymous and zero synonymous nucleotide substitutions occurred in the lineage leading to hominoids, and the d N /d S ratio for that lineage is significantly greater than one. The corresponding estimates for the lineage ancestral to colobine monkeys were nine and one, and the d N /d S ratio for the lineage is not significantly greater than one, although it is significantly higher than the background ratio. The likelihood analysis thus confirmed most, but not all, conclusions Messier and Stewart reached using reconstructed ancestral sequences to estimate synonymous and nonsynonymous rates for different lineages.
Introduction
As mutation and selection have different effects on synonymous (d S ) and nonsynonymous (d N ) substitution rates, estimation of these rates provides an important means for understanding the mechanisms of molecular sequence evolution. A d N /d S ratio significantly greater than one is a convincing indicator of positive selection. Using this idea, Messier and Stewart (1997) performed an interesting analysis of adaptive evolution in primate lysozymes. They used parsimony and likelihood methods to reconstruct lysozyme genes of extinct ancestors in a phylogeny of primates. The reconstructed and observed sequences were then used to estimate the numbers of synonymous and nonsynonymous substitutions per site (d S and d N ) along each branch in the phylogenetic tree, with the approximate method of Li (1993) used for pairwise sequence comparison. Their analysis identified two lineages with elevated d N /d S ratios, indicating episodes of positive Darwinian selection in the lysozyme. One lineage, expected from previous analysis (Stewart, Schilling, and Wilson 1987) , is ancestral to colobine monkeys, which have foreguts in which lysozyme is present and has acquired a new digestive function. Another lineage that is ancestral to the hominoids was previously unsuspected.
Although ancestral character states (nucleotides or amino acids, for example) reconstructed using parsimony have been used in all sorts of analyses as if they were observed data (see Maddison and Maddison 1992 for a review), this is not a rigorous statistical approach.
Since the reconstructed sequences involve random errors and systematic biases (e.g., Collins, Wimberger, and Naylor 1994; Perna and Kocher 1995) , inferences based on such pseudodata may be unsafe. The sequences analyzed by Messier and Stewart (1997) are very similar, so the accuracy of ancestral reconstruction is expected to be high (Messier and Stewart 1997; Yang, Kumar, and Nei 1995) . Nevertheless, the authors' results should be examined by a more rigorous statistical analysis.
It is possible, and also advantageous, to avoid using reconstructed ancestral sequences to estimate d S and d N for lineages in the phylogeny. This can be achieved by adopting a likelihood approach, which averages over all possible ancestral sequences at each interior node in the tree, weighted appropriately according to their relative likelihoods of occurrence. Furthermore, in a likelihood model, it is straightforward to take into account the transition/transversion rate bias and nonuniform codon usage, factors that are not properly accommodated in approximate methods of pairwise comparison but are nevertheless very important in the estimation of d S and d N (Ina 1995) . Thus, the likelihood method has the important advantage of being based on more realistic models of sequence evolution. In this paper, I develop several codon-based likelihood models that allow for different d N /d S ratios among evolutionary lineages. The models are then used to construct likelihood ratio tests to examine various hypotheses. The tests are applied to the lysozyme data of Messier and Stewart (1997) .
Data and Methods Data
The lysozyme gene sequences of 24 primate species analyzed by Messier and Stewart (1997) are used. The phylogenetic tree of the species is shown in figure  1 , and used in later analysis. Some sequences are identical, and only the n ϭ 19 distinct sequences are used in the analysis of this paper. Use of all 24 sequences Messier and Stewart (1997) and this paper. Some species have identical lysozyme gene sequences, and only the 19 distinct sequences are used. Branches are drawn in proportion to their lengths, defined as the expected numbers of nucleotide substitutions per codon and estimated using the one-ratio model, which assumes the same d N /d S ratio for all branches in the tree (Goldman and Yang 1994) . The tree topology, but not the branch lengths, is used to fit different models. would introduce several zero-length branches and would not change any of the results to be presented below. The genes are quite similar among species; out of the 103 codon sites, 82 are constant. (A codon site is said to be constant only if all the three nucleotides are identical across all species.) A subset of n ϭ 7 species, identified in figure 2 and selected to represent the four major groups in the phylogeny, is also analyzed. This subset is referred to as the ''small'' data set, while the complete data set is referred to as the ''large'' data set. Differences between the analyses of the two data sets will give us an indication of the sensitivity of the results to species sampling. Branches c (ancestral to colobines) and h (ancestral to hominoids) in figures 1 and 2 were suggested by Messier and Stewart (1997) to be potentially under positive selection and will be the lineages of interest in later analysis.
Methods
The basic model for the likelihood analysis is a version of the codon-substitution model of Goldman and Yang (1994) and accounts for the genetic code structure, transition/transversion rate bias, and different base frequencies at codon positions. The instantaneous substitution rate from codon i to codon j (i j) is specified as  0 if the two codons differ at more than one position,
where is the transition/transversion rate ratio, is the nonsynonymous/synonymous rate ratio, and j is the equilibrium frequency of codon j, calculated from the nucleotide frequencies at the three codon positions. Note that under this model,
Several models can be constructed that allow for different levels of heterogeneity in the d N /d S ratio among lineages. The simplest model assumes the same ratio for all branches in the phylogeny, and will be referred to as the ''one-ratio'' model. The most general model assumes an independent d N /d S ratio for each branch in the phylogeny. This model, referred to as the ''free-ratio'' model, involves as many parameters as the number of branches in the tree and is parameter-rich for a tree of many species. It will be applied to the small data set only. Many intermediate models that lie between the two extremes are possible and are implemented in the PAML program package (Yang 1997 ; see below for program performance and availability). Models used in this paper, for the analysis of the lysozyme genes of figures 1 and 2, make different assumptions about the d N /d S ratios for branches h and c, relative to the background d N /d S ratio ( 0 ) for all other branches. For instance, the ''two-ratio'' model assumes that the branches of interest (branch h or c or both) have a d N /d S ratio ( 1 ) that is different from the background ratio 0 . The ''three-ratio'' model assumes that the ratios for branches h and c are different and both are different from the background ratio.
The above models can be compared using the likelihood ratio test to examine interesting hypotheses. For example, the likelihood values under the one-ratio and free-ratio models can be compared to test whether the d N /d S ratios are different among lineages. Heterogeneity in the d N /d S ratio among lineages may be caused by positive selection or relaxed selectional constraints in some lineages; in either case, the neutral model of sequence evolution is violated. The one-ratio and two-ratio models can be compared to examine whether the lineages of interest have a different d N /d S ratio from other lineages. The likelihood values under the two-ratio model with and without the constraint 1 Յ 1 can be compared to test whether the branches of interest have a d N /d S ratio that is greater than one (i.e., whether 1 Ͼ 1). This test directly examines the possibility of positive selection operating on specific lineages.
The reader is referred to Kendall and Stuart (1979; Chapters 18 and 24) for an accessible account of the mathematical theory of maximum-likelihood estimation and the likelihood ratio test. Calculation of the likelihood function under the variable-ratio models in this paper can be adapted from the algorithm for the oneratio model developed previously (Goldman and Yang 1994; see also Felsenstein 1981) . A standard numerical algorithm is used to obtain the eigenvalues and eigenvectors of the rate matrix, Q ϭ {q ij }, to be used for calculating the transition probability matrix for a branch of length t, P(t) ϭ e Qt . When the d N /d S ratio (parameter ) is different from branch to branch, it is necessary to perform this calculation for each branch. Parameters in the model including branch lengths of the tree, the transition/transversion rate ratio (), and the d N /d S ratio(s) ( parameters) are estimated by maximum likelihood. A numerical iteration algorithm is used for this purpose. Different starting values are used in the iteration to guard against the existence of multiple local optima, and the likelihood function appeared to be well-behaved and unimodal. This means that the estimate of 1 for the branches of interest under the constraint (null hypothesis) 1 Յ 1 is obtained by fixing 1 ϭ 1 if the estimate without the constraint is Ͼ1. The codon frequency parameters ( j 's in equation 1) are calculated using the observed nucleotide frequencies at the three codon positions.
Results

Test of Variable d N /d S Ratios Among Lineages
The free-ratio model, which assumes a different parameter for each branch in the tree, is applied to the small data set only ( fig. 2) . The log likelihood value under this model is l 1 ϭ Ϫ896.41. The one-ratio model, which assumes the same parameter for the entire tree, leads to l 0 ϭ Ϫ906.02. Since the free-ratio model involves 11 parameters for the 11 branches, while the one-ratio model assumes one, twice the log likelihood difference, 2⌬l ϭ 2(l 1 Ϫ l 0 ) ϭ 19.21, can be compared with a 2 distribution with df ϭ 10 to test whether the free-ratio model fits the data significantly better than the one-ratio model. The difference between the two models is significant (0.01 Ͻ P Ͻ 0.05), indicating that the d N /d S ratios are indeed different among lineages. This conclusion also holds when the sequence of patas monkey (another cercopithecine monkey) is added to the analysis, and when codon frequencies ( j in eq. 1) are used as free parameters in the model (Goldman and Yang 1994) .
Maximum-likelihood estimates of parameters for each branch under the free-ratio model (t for branch length and for the d N /d S ratio), together with the estimated (4.59), can be used to calculate the numbers of synonymous and nonsynonymous substitutions per (Goldman and Yang 1994) . According to the model of equation 1 and the approach of Goldman and Yang (1994) , the lysozyme gene has 107.9 synonymous and 282.1 nonsynonymous sites (with a total of 390 sites or 130 codons). The numbers of synonymous and nonsynonymous substitutions for the entire gene along each branch can then be calculated as the product of the rate per site (d S While estimates of the d N /d S ratios for branches other than h and c are not identical, most of these background branches are very short (with very few changes) and do not contain much information. Changing the d N /d S ratios for these branches will cause little change in the likelihood under the model. It therefore appears justifiable to assume the same d N /d S ratio ( 0 ) for those background branches, as we will do in later analyses in this paper.
Test of Positive Selection Along the Ancestral Lineages of Hominoids and Colobines
Log likelihood values and maximum-likelihood estimates of parameters under different models are given in table 1. Both the large and small data sets are analyzed. The models place different constraints on the three d N /d S ratio parameters: H for branch h, C for branch c, and 0 for all other (background) branches (see figs. 1 and 2 ). The simplest model assumes one d N /d S ratio (table 1, A and F), while the most general model in table 1 (E, I, and J) assumes three ratios. The three possible two-ratio models (B-D and F-H) are also fitted to the lysozyme data. For example, model B assumes that branch c has a different ratio ( C ) while all other branches have the same background ratio ( H ϭ 0 ). In models F-J, the d N /d S ratio for the branch(es) of interest is fixed at one.
We examine the maximum-likelihood estimates of parameters first. Estimates of the transition/transversion rate ratio are quite similar under different models, and range from 4.0 to 4.2 for the large data set and from 4.3 to 4.6 for the small data set. The estimate of the d N /d S ratio under the one-ratio model ( 0 ϭ H ϭ C ) is 0.57 for the large data set and 0.81 for the small data set. The difference is due to the fact that the lineages not included in the tree for the small data set ( fig. 2) involve low d N /d S ratios. Both estimates are smaller than one and indicate that, on average, synonymous substitutions occur more often than nonsynonymous substitutions and that lysozyme has spent a majority of time under neg- ative selection during primate evolution. Estimates of C for branch c range from 3.4 to 3.6 when C is free to vary (models B, E, and J in table 1). Estimates of H are always infinite when H is assumed to be a free parameter (models C, E, and I), indicating the absence of synonymous substitutions along branch h. Estimates of the d N /d S ratios for the two branches are thus highly similar across models and data sets and are also almost identical to estimates obtained under the free-ratio model for the small data set (3.5 for C and ϱ for H ). When the same ratio is assumed for branches h and c ( H ϭ C ; model D), the estimate is 7.2, which is an average over the two branches. Estimates of the background d N / d S ratio ( 0 ) are 0.39 and 0.54 for the large and small data sets, respectively, when H and C are not constrained to be equal to 0 (models D, E, I, and J).
The log likelihood values under different models of table 1 were compared to test various hypotheses, with the results shown in table 2. Tests A-E examine whether the d N /d S ratio for the branch(es) of interest is different from (that is, greater than) the background ratio, while tests AЈ-EЈ examine whether the ratio is greater than one. In tests A and AЈ, branches h and c are those of interest and are assumed to have the same d N /d S ratio. This ratio ( H ϭ C ) is found to be significantly greater than the background ratio 0 (P Ͻ 1%; table 2, A) and also significantly greater than one (P Ͻ 5%; table 2, AЈ). To find out which of branches h and c may have caused the significant results, H and C are allowed to differ in tests B-E and BЈ-EЈ; in each case, only one of the two is compared with the background ratio 0 , while the other is either allowed to vary freely or constrained to be equal to 0 . These tests suggest that H is significantly greater than the background ratio 0 (P Ͻ 1%; table 2, D and E) and also significantly greater than one (P Ͻ 5%; table 2, DЈ and EЈ). Similar tests suggest that C is significantly greater than 0 (P Ͻ 5%; table 2, B and C for the large data set and C for the small data set) except for the small data set under the constraint H ϭ 0 , for which P ϭ 10% (table 2, B for the small data set). However, C is not significantly greater than one whether or not H is constrained to be equal to 0 (P ranges from 17% to 20%; table 2, BЈ and CЈ).
It is remarkable that the large and small data sets lead to the same conclusions in 19 out of 20 comparisons (table 2) . The test statistics (2⌬l) for tests AЈ-EЈ are highly similar between the two data sets. The statistics for tests A-E are more different, obviously because the inclusion of additional lineages with low d N /d S ratios in the large tree ( fig. 1 ) makes it more obvious that H and/or C are greater than the background ratio 0 . It is also noted that the results of the tests are not sensitive to the common assumption made in the null and alternative hypotheses about the d N /d S ratios. For instance, H is significantly greater than one whether or not the constraint C ϭ 0 is enforced, and C is not significantly greater than one whether or not H ϭ 0 is assumed. The results are thus robust to species sampling and to minor changes of assumptions made in the model.
Discussion
Maximum-likelihood analyses in this paper showed that the d N /d S ratios in the primate lysozyme genes are highly variable among evolutionary lineages, indicating that the evolution of primate lysozymes is incompatible with a neutral model of sequence evolution. The d N /d S ratio along branch h (the lineage leading to hominoids) was found to be significantly greater than the background ratio for other lineages and also significantly greater than one, indicating that positive selection may have operated during the lysozyme evolution along this lineage. These results are in agreement with those of Messier and Stewart (1997) . The likelihood ratio tests also suggested that the d N /d S ratio for branch c (the lineage leading to colobine monkeys) was significantly greater than the background ratio but not significantly greater than one. This result is somewhat different from that of Messier and Stewart (1997) , who found that both H and C were significantly greater than one. The two analyses are different in many respects (see Introduction), and it is not very clear which factor is the major cause of this discrepancy.
Before we draw conclusions about possible positive selection or lack of it in the evolution of primate lysozymes, particularly along branch c, several factors should be considered. First, strictly speaking, a proper statistical test requires the null hypothesis to be specified before the data are analyzed. This is not entirely the case in the analysis in this paper, since branch h was identified in Messier and Stewart's (1997) analysis of the same data set and used together with branch c as the branches of interest in the likelihood ratio tests of this paper. While the lack of independence of the hypothesis on data is not expected to have a great effect, it does increase the probability of rejecting the null hypothesis. Furthermore, multiple tests were performed in table 2, yet it is well known that multiple tests using the same data may lead to significant results simply because of chance effect. This problem, however, does not appear to be serious in this paper. The primary question has been whether H and C are greater than one, and most
